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Introduction
Contactless microparticle manipulation technologies, such as optical tweezing [1] , dielectrophoresis [2] , and ultrasonic manipulation [3] have been in rapid development to demonstrate how increasing demand may be met for precise manipulation of bio-particles, cells and molecules in cell biology and analytical chemistry. In ultrasonic manipulation (USM) devices, the objects can be manipulated by either gradient forces caused by ultrasonic standing waves (USWs) [3] [4] [5] [6] [7] [8] or momentum transferred from propagating ultrasound beams [9] [10] [11] [12] . Because of the use of ultrasound, USM has shown good ability to maintain cell viability through controlled acoustic intensity, avoiding the likelihood of cavitation [13] [14] [15] [16] . Given other advantages of USM devices, such as the ability to handle a large number of cells, a range of biological and medical applications have been demonstrated in microfluidic systems and bioassays [7, 17] , e.g. cell sorting [18] [19] [20] , cell patterning [5, 21, 22] , tissue engineering [23, 24] and studies of cell motility and structure [25, 26] . USM also has the ability to coexist with other manipulation technologies, leading to a broader range of microfluidic applications with combined advantages from different technologies, such as maintaining high throughput with improved precision of individual particle manipulation [27] [28] [29] [30] [31] .
To increase the dexterity of an USM device, one straightforward approach is to use multiple ultrasound sources. Manneberg et al. used four wedge transducers to realise spatially confined particle separation [32] . Counter-propagating ultrasound waves generated from four or more transducers were used in patterning particles and cells [33] [34] [35] [36] . More recently, independent trapping and manipulation of multiple individual microparticles were demonstrated with an electronically controlled 64-element circular transducer array [37] . The use of a one-dimensional (1-D) ultrasound array to manipulate particle agglomerates perpendicular to the direction of wave propagation was also studied [38] [39] [40] . Although implementation of two-dimensional (2-D) arrays could increase dexterity [10, 12] , this is still relatively rare in the literature, partly because of the challenges in fabrication, electrical interconnection and system integration of reliable, miniature 2-D arrays based on traditional machining and packaging methods. These challenges also negatively affect the progress towards mass production and commercialisation of such USM devices.
Thick film technologies have significant advantages in simplifying fabrication and allowing miniaturisation for functional integration. Piezoelectric thick films have already been explored for high frequency ultrasonic single element transducers and linear arrays for medical imaging [41] [42] [43] . Depending on the desired thickness and shape of the PZT film, different thick film techniques can be used, such as modified sol-gel [44] , hydrothermal deposition [45] , aerosol deposition [46] , electrophoretic deposition [47] , ink-jet printing [48] , pad-printing [49] and screen-printing [50] . Among these methods, screen-printing allows relatively simple fabrication of patterned films with typical thicknesses between 10 and 150 lm with excellent reproducibility. Furthermore, the substrates used in thick film techniques, e.g. platinised silicon [50] and alumina [51] , can be directly used as fluid-cell carriers in USM devices because of their good biocompatibility [52] [53] [54] [55] .
In this paper, we report the development of an USM device based on screen-printed PZT 2-D 36-element (6 Â 6) matrix array transducers and demonstrate the feasibility of using the thick film transducers for microparticle manipulation. All layers of the 2-D transducer array were screen-printed and sintered on an alumina substrate in the required pattern layer-by-layer. Finite element analysis (FEA) was used to predict the behaviour of the array and the multilayer resonant devices, e.g. in terms of acoustic pressure distributions. Electrical impedance spectroscopy and laser vibrometry were used to evaluate the performance of the transducer array. Particle manipulation was experimentally demonstrated with two configurations: one coupling the array to a fluid-filled bio-compatible glass capillary to test the performance of each thick film PZT element rapidly, and the other coupling the array to a fluid cavity formed between a glass reflector and the alumina substrate of the array itself, giving more dexterity to realise multi-element trapping.
Method
An USW can be established in a multilayer planar resonator, in which an incident ultrasound is superposed on its reflected wave [6, 7] . The multilayer planar resonator reported here was formed by coupling a fluid layer and a reflector on the other side of the substrate from the thick film PZT, illustrated in Fig. 1 . When an USW is present in the fluid layer (Fig. 1a) , depending on the physical properties of the fluid layer and the immersed particles, and because of the acoustic radiation forces, the particles move towards either the pressure nodal or anti-nodal planes (Fig. 1b) and agglomerate above the centre of the ultrasound source in these planes. Agglomeration (Fig. 1c) occurs because of the lateral radiation forces and Bjerknes forces caused respectively by the finite width of the ultrasound source and the particle-particle interactions in the acoustic field. A thickness of one or multiple half wavelengths at the operating frequency of the thick film PZT should be selected for the fluid layer as this configuration is relatively insensitive to any change in the parameters of the other layers [6] .
Acoustic radiation forces on a small, rigid and incompressible sphere subjected to an USW field in an inviscid fluid were first expressed by King [56] . Later, Yosioka and Kawasima extended King's theory to compressible spheres and expressed the time-averaged acoustic radiation force on a sphere of radius, a,a s [57] :
where x is the distance from the particle to the pressure node; k is the wave number and is equal to 2p/k f , where k f is the wavelength in the fluid; and q and b are the density and compressibility of the fluid and particle indicated by subscripts f and p respectively. The compressibility is related to the speed of sound, c,b y
and the acoustic energy density, E ac , is related to the acoustic pressure of the ultrasound standing wave, P, and is given by
Finite element analysis
To predict the behaviour and performance of the USM device, the thick film PZT transducer array and the resonant device were modelled using a FEA package, PZFlex (Weidlinger Associates Ltd, Glasgow, UK). Both two-dimensional (2-D) and three-dimensional (3-D) models were created. The 2-D model was used to study the electrical impedance spectra of the thick film transducer and the multilayer USM device and to predict the pressure distribution through the thickness of the device. The 3-D model was used to inspect pressure distributions and predict particle trapping sites across the width of the device.
The 2-D model is shown in Fig. 2 with the layer thicknesses and key material properties listed in Table 1 . The piezoelectric material properties of PZT (IKTS-PZ5100 [51, 58] , Fraunhofer IKTS, Germany) are listed in Table 2 , with a mechanical Q-factor of 76 at 1 MHz, and the other materials were assigned properties defined in the PZFlex material libraries. The FEA mesh size was 2.75 lm, approximately 1.38% of the wavelength in water, k w , at the 7.5 MHz frequency of interest, and the complete model was assigned a width four times the mesh size in the x-axis and with symmetry boundary conditions on both sides. This 2-D model could therefore be considered close to a 1-D model because of the infinite width resulting from these symmetry conditions. Free boundary conditions were assigned to represent air beyond the minimum and maximum of the model in the z-axis. Excitation was by a short pulse, comprising a half cycle sinusoid at frequency 15 MHz, and was allowed to ring down, with oscillation decaying fully within the runtime.
The electrical impedance spectra of the models were derived from the simulated voltage and current responses, building up the complete model layer-by-layer as shown in Fig. 3 . When an alumina layer was added to the thick film PZT, the thickness-mode fundamental resonant frequency of the complete transducer shifted down and a second harmonic resonance appeared ( Fig. 3c and d) . When a water layer was added, more resonances appeared near the transducer resonant frequencies because of the periodicity caused by the water layer ( Fig. 3e and f) . With a thicker water layer, a greater spectral density of the system resonances appears, superimposed on the trend of the transducer resonance ( Fig. 3g and h) . These system resonances were thought to be closely related to the low damping of the resonant system, linked to the fact that the ultrasound wavelength in water is much smaller than the total thickness of the water layer. A similar phenomenon has also been reported in other simulated and experimental actuators that have similar layer configurations [3, [59] [60] [61] . The amplitudes of these resonances, periodic in the electrical impedance spectra, were closely related to the parallelism of the resonators [61] . In the present work, the pressure through the thicknesses of all layers was also calculated at the frequency of maximum pressure response in the water layer. Two representative pressure characteristics for the device with different water thicknesses are shown in Fig. 4 , indicating USWs were formed in the water layer. The maximum time-averaged acoustic radiation force can then be calculated from the maximum pressure with Eq. (1), e.g. the force on a Ø10 lm polystyrene sphere (density q s = 1050 kg m . These dimensions gave an electrical impedance magnitude of each element approximately 50 X at the fundamental resonant frequency, which is convenient for electrical impedance matching to driving electronics. The FEA mesh size was 5 lm (approximately k w /20) in the z-axis, through the thickness of the device, and 20 lm in the x-and y-axes, because of their larger dimensions. Excitation was the same as for the 2-D model and oscillation was allowed to decay completely. As for the 2-D model, the mode shape was calculated at 6.96 MHz, the frequency of maximum response and the pressure distribution was normalised to the maximum pressure amplitude in the water layer. Pressures in the anti-nodal plane (close to the water/glass interface) and nodal plane (about 60 lm away from the water/-glass interface) are shown in Fig. 6 . It can be seen that the widths at À3 dB and À6 dB relative to maximum pressure amplitude in the anti-nodal plane are approximately 0.5 mm and 1 mm respectively, thus ensuring there are no overlapping pressure gradients between two adjacent elements.
Experimental evaluation

Array fabrication
A PZT thick film array with the same dimensions as the models was manufactured using a screen-printing process. A series of net-shape patterned thick film layers was printed and sintered on a 100 mm Â 100 mm alumina substrate with 0.25 mm thickness (99.6%, Rubalit 710, CeramTec AG, Germany) in a sequence comprising bottom Au electrode, PZT thick film, top Au electrode, dielectric insulation layer and Au electrode fan-out tracks. High grade alumina was used as the substrate to prevent degradation of the piezoelectric properties of the PZT caused by interfusion and oxidation reactions between the PZT and possible silicon content in the substrate during the sintering process [51] . Screen-printing was carried out by means of a semi-automatic screen printer (EKRA M2-K, ASYS, Germany). For the bottom and top electrodes as well as fan-out tracks, an Au-based electrode paste (C5789, Heraeus, Japan) was chosen. The electrodes were printed using a 325 mesh stainless steel screen (Koenen GmbH, Germany) with 20 lm emulsion thickness. After levelling for 10 min, the printed layers were dried at 150°C for 10 min. Sintering was carried out at 850°C for 10 min with a total firing cycle time of 60 min. The sintered electrode thicknesses of the bottom and top electrodes as well as the fan-out tracks were measured to be approximately 11 lm.
After the bottom electrode, the piezoelectric thick film was applied. A PZT thick film paste, IKTS-PZ5100, developed at Fraunhofer IKTS was used; this is based on Sonox P51 powder (CeramTec GmbH, Germany) with the addition of a low temperature sintering eutectic mixture of Bi 2 O 3 and ZnO. The content of the eutectic mixture has a significant influence on the dielectric and electromechanical properties of the PZT thick film [58] .I n the present case, about 10 wt% eutectic mixture was added to the PZT powder. The PZT layer was built up by repeated screen-printing in the green state. A 200 mesh stainless steel screen (Koenen GmbH, Germany) with 20 lm emulsion thickness was applied. Five layers of PZT were printed, levelled and dried with the same conditions as mentioned above, before sintering with a heating rate of 5 K/min to 900°C and a dwell time of two hours. The printing and sintering process was repeated to reach a final sintered thickness of 139 ± 2 lm. Fig. 3 . Electric impedance magnitude and phase of (a, b) thick film PZ5100 layer with Au electrodes; (c, d) PZ5100 on alumina substrate; (e, f) PZ5100 with alumina, a 100-lm-thickness (k w /2) water layer, and a 100-lm-thickness glass reflector; and (g, h) PZ5100 with alumina, a 6000-lm-thickness ($30k w ) water layer, and a 100-lm-thickness glass reflector. Full-face top electrodes were printed and sintered on the PZT thick film as described above. The dielectric insulation layer under the electrode fan-out tracks ensured the tracks connected only to the targeted elements. Therefore, a dielectric paste (QM44D, DuPont, DE, USA) was selected. It was printed through a 200 mesh stainless steel screen (Koenen GmbH, Germany) with 20 lm emulsion thickness. The conditions for levelling, drying and sintering correspond to the process parameters used for electrode application. The process was repeated twice to ensure high insulation resistance, >10 11 X cm. With that, a final thickness of 40 lm was achieved.
The wafer is shown in Fig. 7 after the completion of each layer. The fabricated array was poled with a 20 kV/cm DC electric field for one minute at room temperature. The residual porosity of PZT produced with this process is usually less than 10% [58] . The measured dielectric constant and the dielectric loss were e 33
T /e 0 = 2250 ± 100 and tan d = 0.09 ± 0.005 at 10 kHz, respectively.
Impedance spectroscopy
The electrical impedance spectrum of each element of the array was measured in air using an electrical impedance analyser (4395A, Agilent Technologies, CA, USA), as shown in Fig. 8 . Similarly to the FEA results, two main resonances appeared, at frequencies of 7.4 MHz and 15.4 MHz: the lower frequency is the thickness-mode fundamental resonant frequency of the whole stack, including PZT film, electrodes, insulation layer and substrate; and the higher frequency is the 2nd harmonic of the thickness-mode of the stack. The impedance spectra indicate that screen-printing has achieved good element uniformity, although with small variations introduced by the different configurations of the dielectric insulation layer and electrode interconnection layer on the elements at different positions within the array, as shown in Fig. 9a-g . Because other layers must be added to the array to form a multilayer resonant structure and the system resonance is primarily determined by the water layer, these small variations have a negligible effect on device operation.
Laser vibrometry
The vibration behaviour and surface displacement of the array were characterised using a scanning laser vibrometer (PSV 400, Polytec GmbH, Waldbronn, Germany). A frequency range 4-20 MHz was swept to gain the amplitude response of vibration on top of the PZT. The maximum amplitude peak appeared at a frequency of 7.425 MHz, in good correspondence with the thickness-mode fundamental resonant frequency measured by the electrical impedance analyser. The surface displacement profiles of the array were mapped with selected elements driven with a1 0V peak continuous sinusoid at 7.425 MHz, as shown in Fig. 10 . The peak displacement was about 16 nm with a single element activated (Fig. 10a) . This was much larger than the 6 nm recorded with four elements activated in a 2 Â 2 configuration (Fig. 10b) . The discrepancy may have two causes: the input power distributed over four elements, and the electrical impedance mismatch caused by the parallel connection dropping the load impedance of the four elements significantly below 50 X, as shown in Fig. 9h . 
Particle manipulation
Simple particle manipulation experiments were carried out to evaluate the device performance. Two experimental configurations were used: one coupled the array to a fluid-filled bio-compatible glass capillary, similar to the setup described in [38] , and the other coupled it to a fluid cavity chamber and a reflector to form a resonant structure, similar to the setup described in [62] . Degassed water containing Ø10 lm fluorescent polystyrene microspheres (Polysciences Inc., Warrington, PA, USA) was used in all experiments.
The feasibility of trapping with a single array element was evaluated using a glass capillary to form the resonant fluid layer. A rectangular capillary with 6.0 Â 0.3 mm 2 internal cross section (CM Scientific Ltd, West Yorkshire, UK) was coupled to the bare side of the alumina substrate with thin silicon grease. The electrical impedance of the whole setup was measured, giving a resonant frequency of 6.86 MHz. When an element under the capillary was driven with a signal generator (33250A, Agilent Technologies, CA, USA) producing a 10 V p-p continuous sinusoid at this frequency, the microspheres were instantly levitated to pressure nodal planes by the axial acoustic radiation forces and slowly agglomerated in the centre above the active element by the lateral radiation forces and Bjerknes forces, as shown in Fig. 11a . Similar results were achieved for the other elements with the same drive conditions. Furthermore, because ultrasound propagates faster in glass than in water, so the ultrasound leaking from the sidewalls of the capillary will also build up an USW between the sidewalls but with smaller pressure gradient. Therefore, the position of the trapped agglomerate can be precisely tuned between the two sidewalls of the capillary by shifting the driving frequency [63, 64] . This allowed the particle agglomerate to be moved approximately ±140 lm away from the initial trapping site on the y-axis, as shown in Fig. 11b .
Using the chamber-reflector setup, the feasibility of trapping with multiple array elements at the same time was evaluated. The chamber was formed with a Perspex gasket of 2 mm thickness and a glass slide of 0.1 mm thickness as the reflector. The measured resonance frequency of the whole setup was 7.258 MHz. The four central elements were driven with a 7.6 V p-p continuous sinusoid at the resonant frequency. When the elements were activated, four agglomerates were formed and trapped in the chamber, as shown Fig. 9 . Electrical impedance magnitudes of (a-g) the fabricated array elements grouped by the layer configuration and position in the array, as shown by the shaded boxes in the inset diagrams, and (h) central four elements connected together.
in Fig. 12 . A similar result was achieved by driving all 36 elements; however, compared to the result with four elements activated, it took much longer time to form agglomerates at the trapping sites, attributed to the weak acoustic radiation forces because of the electrical impedance mismatch caused by the parallel element connection.
Discussion
The electrical impedance spectra of 2-D FE models have shown the additional system resonances expected to appear when device configuration layers were added to a thick film PZT layer for multilayer USM. With a thicker water layer, a greater spectral density of the system resonances was evident, superimposed on the trend of the electrical impedance spectrum of the device itself. This was attributed to the fact that the wavelength in water at the frequency of interest is much smaller than the thickness of the water given the low damping of the complete resonant system. The pressure distributions through the thickness of the USM device indicated that USWs can be formed in the water layer. Consequently, raised acoustic radiation forces on immersed particles can move the particles to the pressure nodes or anti-nodes depending on the material properties of the particles. The maximum time-averaged acoustic radiation force on a Ø10 lm polystyrene sphere in a 2 mm thick water layer was about 0.56 nN with a pressure of 0.67 MPa at frequency 7.52 MHz for 1 V peak excitation. This force was much larger than that generated by a 1-D array [38, 65] , where the maximum vertical force was 0.206 nN in simulation and 0.18 ± 0.06 nN in experiments with 17 V p-p excitation. This is because the present 2-D array generates a higher acoustic pressure and had a larger wave number, therefore leading to a much faster manipulation speed.
The 3-D FE model showed that no overlapping pressure gradients exist between two adjacent array elements, ensuring that adjacent elements cannot affect acoustic trapping performance during multiple-element trapping experiments. On the other hand, though, the lack of overlap of energy gradients indicates that the current device is unable to transport particle agglomerates laterally by switching between active array elements in the same way as other array-based USM devices [38] . However, if lateral control of particle agglomerates is essential for a proposed application, one possible solution is to reduce the element size and activate multiple elements together during operation [38] .
In general, thick film PZTs are built up layer by layer in the screen-printing process to achieve a total desired thickness, resulting in tapering edges on the printed PZT. To compensate for this in the current device and to prevent possible side-effects, e.g. coupled resonant modes, the width of the top electrode of each PZT element was designed to be 0.3 mm smaller than the pillar width, giving active PZT dimensions of 1.7 Â 1.7 mm 2 if field fringing is ignored. These tapered edges therefore constrain the minimum element size of the 2-D matrix array. One possible solution is to introduce multiple integral electrode layers in the screen-printed PZT film, which can also improve effective piezoelectric coefficients (e.g. d 33 [66] ).
In the current device, the lateral dimensions of the array were also optimised to achieve an approximate electrical impedance of 50 X. This was so that simple electronics could be employed during device operation, because electrical impedance matching always plays an important role in electrical energy transmission, subsequently affecting the mechanical output of the ultrasonic devices. As shown in the results from the laser vibrometer, the maximum surface displacement with four elements activated was less than 40% of that with a single element activated. This is attributed to the input power being distributed over four elements and the electrical impedance mismatch caused by the parallel connection. External impedance matching would be possible, but this would add to the cost and complexity of any final system.
The results of the electrical impedance spectroscopy showed that excellent uniformity of thick film PZT array elements has been achieved by repeated screen-printing and sintering different materials on the substrate with different masks. In the current fabrication process, the challenges existing in electrical interconnection still limited the number of the elements of the 2-D matrix array, one promising solution is to integrate 3-D electrode fan-out structures into multiple layers of ceramic [51, 67] , so that the concept of printing ultrasonic transducer arrays layer by layer can be fully extended to miniaturised arrays of large numbers of elements.
Preliminary particle manipulation results with the setup based on a glass capillary has shown that such a configuration is simple to use and highly resonant. The successful trapping of particles on multiple sites with multiple array elements has also demonstrated that the screen-printed thick film PZT can generate sufficient acoustic power for USM applications.
Conclusions
A proof-of-concept 2-D matrix array particle manipulation device based on screen-printed thick film PZT has been developed for particle manipulation. The simplified fabrication process of 2-D matrix array and the excellent reproducibility of screen-printing technique carry the potential for bulk production of this kind of USM device, in turn opening up a broad range of applications in cell biology and analytical chemistry. Further development of the device will focus on device miniaturisation with larger numbers of elements for better control dexterity (e.g. 3-D particle transportation), implementation of complex manipulation functions (e.g. single target rotation [10] ) and integration of microfluidic channels/wells into the substrate for bioanalytical applications (e.g. bioassays [68] ).
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